Buffelgrass is a non-indigenous, invasive, C 4 grass that was introduced throughout much of southern Texas, the Southwestern United States, and northern and central Mexico to improve degraded rangelands. The successful introduction and spread of buffelgrass follows a trajectory similar to that of other invasive C 4 grasses in arid and semiarid ecosystems. In the Plains of Sonora of the Sonoran Desert (Mexico) buffelgrass is favored by widespread removal of native vegetation and seeding, but, why, following initial introduction, the species persists remains unclear. In this study, we addressed two concerns associated with buffelgrass invasion in the Plains of Sonora. We hypothesized that under arid rangeland conditions, buffelgrass outcompetes native herbaceous species (1) through rapid acquisition of limiting nutrients (here assumed to be nitrogen) and (2) under conditions with high nitrogen input. In summer 2002, a 2 by 2 factorial experiment was established with buffelgrass removal and nitrogen addition in both intact desert and converted buffelgrass grassland habitats. In winter 2003, we found that, regardless of habitat type, buffelgrass removal had a positive effect on abundance, biomass, and richness of native herbaceous species while addition of nitrogen, as urea (at 50 kg N ha 21 yr 21 or 9.18 lbs N ac 21 yr 21 ), and disturbance resulted in reduction in abundance and biomass. Nitrogen addition did not negatively alter buffelgrass cover. Nitrogen addition had the expected result of increasing initial, peak and total NO 3 and NH 4 mineralization with the exception of NO 3 measures in intact desert. Removal of buffelgrass did not result in significant increases in soil NO 3 or NH 4 with the exception of peak NH 4 in intact desert. Results of this study support observations that native herbaceous species are displaced by buffelgrass invasion and that nitrogen pollution will likely favor buffelgrass over the native herbaceous species in this ecosystem. Nomenclature: Buffelgrass, Pennisetum ciliare (L.) Link (Poaceae), formerly Cenchrus ciliaris L.
The worldwide use of nonindigenous C 4 grasses for rangeland improvement in arid ecosystems has increased substantially in the last 60 years. African grasses are highly opportunistic, making large allocations to biomass when water is available. They are also highly drought tolerant, ceasing growth and senescing when water is scarce (Williams and Baruch 2000 and references therein) . In addition, nonindigenous C 4 grasses are demonstrated to have high maximum photosynthetic rates and higher maximum stomatal conductance, and photosynthetic and transpiration rates than native C 4 grasses (Baruch 1996 , Baruch and Fernandez 1993 , Baruch et al. 1985 , Simoes and Baruch 1991 .
During the early 1900s, overgrazing of arid rangelands throughout northern Mexico and the Southwestern United States resulted in widespread decline of native perennial grass productivity, forcing ranchers to reduce stocking rates (Bahre 1995 , Bryan 1925 , Cox et al. 1983 ). In the search for grasses to improve rangeland productivity, strains of buffelgrass (Pennisetum ciliare (L.) Link, a.k.a. zacate buffel), a perennial, C 4 grass native to Africa (Christie 1975 , Cox et al. 1988 , Williams and Baruch 2000 , were brought to the United States as early as 1889 (Van Devender et al. 2009 ). Buffelgrass was introduced to arid rangeland ecosystems from 1902 through the early 1940s (Brenner 2011 , Cox et al. 1984 by USDA Division of Agrostology and the ARS, Texas Agricultural Extension Service, Soil Conservation Service and the commercial seed industry (Brenner 2011 , Cox 1999 . In 1988, Hanselka estimated that buffelgrass was growing on more than 1.7 million acres in the state of Texas. Current estimates are as high as 5 million acres (John Lloyd-Reilley, ''Kika'' de la Garza Plant Materials Center, personal communication). In southern Arizona buffelgrass is mostly found along roadside rights-of-way but is spreading rapidly into native vegetation. This is a large concern for conservation of the iconic paloverde-saguaro communities, upon which so much of southern Arizona's tourism depends.
It is estimated that buffelgrass was first introduced in north Mexico in the states of Nuevo Leon and Tamaulipas and later to the state of Sonora (Brenner 2011 , Miranda et al. 1999 . The intensity of introduction of buffelgrass in Sonora increased in the 1970s (Cox et al.1984 ,, Ibarra-F. et al. 2009 ) and the species is still actively seeded today (K. Lyons, personal observation). By 1991, 1,400,000 ha (3,459,475 ac) of land in Mexico had been converted to buffelgrass grassland with approximately 300,000 of those ha in the state of Sonora (Ibarra-F. et al. 1991) . In 1992, this estimate had increased to 400,000 ha (Johnson and Navarro 1992) . Búrquez-M. et al. (2002) suggest that, through a combination of legal and illegal activities, as much as 1,600,000 ha (3,953,686 ac) of land have been cleared and seeded with buffelgrass in the state of Sonora, although the official SEMARNAT estimate in 2006 was approximately one million hectares. Using Landsat images, Franklin et al. (2006) calculated that Buffelgrass conversion in a 1,850,000 ha area centered on Hermosillo, Sonora, Mexico increased from 7,700 ha in 1973 to 140,000 ha in 2000, an amount that constitutes 8% of the land surface surveyed.
The introduction of invasive C 4 grasses and accompanying grassland conversion methods have significant impact on ecosystem function and stability. Their introduction results in alteration of mineralization rates, nutrient and hydrologic cycles, and disturbance regimes, in particular those involving fire (D'Antonio and Vitousek 1992, Esque et al. 2006, Williams and Baruch 2000) . Because of its massive root system, buffelgrass is able to withstand fires and respond more quickly than other herbaceous desert species. The species is often referred to as a bunchgrass; however, while most bunchgrasses die back to the root crown during drought and freezing temperatures and then regrow stems and leaves before flowering, buffelgrass dies back only to short stems with nodes, leaving viable apical meristems at the soil surface. This allows the species to grow new leaves and flowers quickly when the climate improves. Buffelgrass may, therefore, be more appropriately referred to as a subshrubby 'chamaephytic' grass (T. VanDevender, personal communication). Furthermore, buffelgrass' high productivity results in larger, more continuous fuel loads that are no longer isolated to tree-shrub-cacti complexes. As a result, fires now carry through desert ecosystems and threaten species that are poorly adapted to frequent fires, such as the saguaro and pitayo cacti. Thus, in the U.S. desert Southwest and Northern Mexico buffelgrass acts as an ecosystem engineer, causing a fire feedback loop and ''grasslandification'' of desert and thornscrub habitats.
Until very recently, conversion of desert or thornscrub vegetation to buffelgrass pastures in the Plains of Sonora in Mexico was generally accompanied by complete or partial removal of the native woody vegetation by bulldozing or chaining, a process referred to as desmonte. As a result, substantial tracks of land are now either dominated by buffelgrass, where cattle can be adequately rotated, or highly degraded with little vegetation, where overgrazing occurs (K. Lyons, personal observation). Because of the slow growing nature of the species in this system, there is little hope of return or restoration of the diverse woody growth forms. An equally alarming consequence of these conversions, and despite efforts to maintain some intact desert, is a ubiquitous spread of buffelgrass into native, intact desert or thornscrub (de la Barrera 2008) . In flat terrain of the Plains of Sonora, establishment of buffelgrass in intact desertscrub generally begins under tree-shrub complexes, which serve as islands of biodiversity, and
Management Implications
Buffelgrass is extensively planted in arid and semi-arid grassland ecosystems across the planet and has been useful in stabilizing soils and increasing productivity in rangelands where there has been widespread drought combined with overgrazing. Nonetheless, grassland conversion to accommodate buffelgrass plantings and invasion of the species itself has caused widespread and extreme collateral damage. In this study, we confirm that buffelgrass displaces native species. The study also demonstrates that high levels of nitrogen addition in low rainfall years results in neutral effects on buffelgrass and significantly negative effects on native herbaceous species. Given buffelgrass' significant negative impacts on biodiversity, its ability to alter fire regimes and establish a positive feedback loop, and its threat to the existence of ecosystems that have aesthetic and economic value in business sectors other than ranching (e.g., tourism in Arizona, United States), management of these rangelands for buffelgrass control is recommended as a high priority. Managers introducing buffelgrass to improve rangelands should take into consideration the species negative impacts on native forb and grass diversity, habitat for mammals and ground-dwelling birds, and the probable irreversible alteration of the ecosystem. In areas of conservation concern where biodiversity is a management goal we advocate (1) rigorous vigilance and immediate removal of nascent foci, (2) where established, an aggressive removal campaign (without the use of fire), (3) outreach to increase public awareness about the negative effects of the species, and (4) where possible, reduced exposure to atmospheric nitrogen deposition. spreads into open habitat through time. The species invasion appears to be positively facilitated by previously established buffelgrass individuals as well as disturbance by small mammals and lizards (K. Lyons, personal observation). On rocky hillsides, alongside native cacti and woody shrubs, buffelgrass effectively fills the spaces between rocks.
Because of its high abundance beneath shrubs and trees, rapid spread into open habitat, and propensity to burn, buffelgrass is assumed to have large consequences on native species abundance. Nonetheless, only a handful of studies have been conducted on these impacts in arid and desert ecosystems. In a postestablishment observational study, buffelgrass abundance has been negatively correlated with native, herbaceous species cover, abundance, and diversity (Abella et al. 2012 , Búrquez-M. et al. 2002 , Olsson et al. 2012 , Sands et al. 2009 ). Not surprising, where buffelgrass establishment is accompanied by grassland conversion, woody species are found to be negatively correlated buffelgrass invasion. Indeed, conversion of intact desert to buffelgrass grasslands results in a 50% reduction in richness of all perennial plant species and a 78% reduction in trees and shrubs (Franklin and Molina-F 2010) . A number of studies have also shown the negative effects of buffelgrass invasion and grassland conversion on native animals (Bestelmeyer and Schooley 1999 , Flanders et al. 2006 , Smyth et al. 2009 ). These results underscore a conflict between widespread clearing of woody species in larger ranching operations and consensus among many ranchers in the state of Sonora, Mexico that intact, native desert scrub vegetation is of high forage value because of its diversity, drought tolerance and staggered productivity (Brenner 2011) .
Several manipulative studies provide support for the negative effects of grassland conversion and/or buffelgrass introduction on native species abundance. In a neighborhood transplant study designed to assess the relative competitiveness of two invasive, nonindigenous grasses, buffelgrass and Natal grass [Melinis repens (Willd.) Zizka], Stevens and Fehmi (2009) found that buffelgrass had a higher potential to displace the Sonoran Desert native grass Arizona cottontop [Digitaria californica (Benth.) Henr.]. Likewise, removal of buffelgrass using herbicides in a south Texas grassland resulted in increases in native grass cover (Tjelmeland et al. 2008) . Finally, in a study comparing thornscrub and converted buffelgrass pasture, MoralesRomero and Molina-Freaner (2008) found that seedlings of a dominant columnar cactus [Pachycereus pectenaboriginum (Engelm.) Britt & Rose] successfully regenerated in thornscrub but died in converted pasture.
The removal of desert or scrub vegetation combined with grassland conversion using buffelgrass has been shown to also have significant effects on arid ecosystem soils and soil dynamics. In the arid northwest of Mexico, Ibarra-F. et al. (1995) assessed the survival of USDA T-4464 buffelgrass as a function of climatic and soil characteristics. Buffelgrass success was determined by categorization into one of three categories: spreads, persists or dies. Total organic and nitrogen levels were lowest where the buffelgrass was spreading, intermediate where the species persisted, and highest where the species died. These results suggest that buffelgrass tolerates and/or creates low nutrient soil conditions and holds soil nutrients in its tissues. In a later study, using paired plots comparing buffelgrassdominated and ''virgin'' grassland, Ibarra-F et al. (1999) assessed the effects of buffelgrass on soil chemistry in three regions of Mexico to include two arid ecosystems in the northwest and northeast and a tropical region in the southeast. The results of their study indicate that buffelgrass establishment had significant negative effects on soil organic carbon and nitrogen in the southeast and magnesium in the northwest and marginally significant reductions in soil organic carbon and nitrogen in the northwest. These results suggest that buffelgrass has large impacts on soil nutrients in the tropics but limited impacts in arid ecosystems.
The presence of persistent homogenous buffelgrass grasslands in cleared portions of the Sonoran Desert combined with low soil nutrient levels in these grasslands suggest that buffelgrass is an effective competitor for limiting nutrients and outcompetes native species. But what is the nature of this competitive dynamic under higher levels of atmospheric nitrogen deposition? Agriculturalists concerned with declining buffelgrass grassland productivity over time have found that nitrogen inputs substantially increase buffelgrass productivity (e.g., Peake et al. 1990) ; however, in these types of studies collateral effects on native species are often not reported. Increases in soil nitrogen deposition are often positively correlated with nonindigenous and indigenous invasive species fitness, establishment and spread (Abraham et al. 2009 , Bell and Treshow 2002 , Brooks 2003 , Burke and Grime 1996 , Hobbs et al. 1988 , James et al. 2011 and references therein, Kolb et al. 2002 , MacKown et al. 2009 , McLendon and Redente 1991 , Melgoza and Nowak 1991 , Metcalfe et al. 1999 , Norton et al. 2007 , Scherer-Lorenzen et al. 2000 , Vasquez 2008 and references therein, Wedin and Tilman 1996) . Furthermore, systems dominated by C 4 grasses generally have lower species richness and higher productivity in response to nitrogen addition (Clark et al. 2007) .
Work conducted on buffelgrass invasion in the Sonoran Desert has focused on the effects of ecosystem conversion on buffelgrass grasslands but the effect of buffelgrass competition, per se, on native species and soil resources remains poorly studied. This is because of the fact that soil resource status and native species abundance are dictated by factors that are easily confounded such as the degree of establishment of buffelgrass, variability in soil biogeochemistry, land-use history, and disturbance cycles. It is, therefore, important to conduct manipulative studies to determine the mechanisms driving the patterns we find in soil resources and species composition.
In this study, we aimed to determine the effects of buffelgrass on the desertscrub ecosystem more directly through a manipulative approach. The experiment was designed specifically to test the effect of buffelgrass and nitrogen, alone and in combination, on ecosystem processes and native herbaceous species abundance. We were also interested in the effects of nitrogen deposition (pollution) on native species and buffelgrass. We therefore included a soil nitrogen addition treatment. Finally, we aimed to separate the effects of grassland conversion from those of buffelgrass introduction and spread. Because buffelgrass has been introduced in converted desert and has spread into intact desertscrub, we tested the effects of our treatments in both habitat types. We focused on the following questions: 1. What is the impact of grassland conversion on native herbaceous species abundance? 2. What is the impact of buffelgrass invasion on native herbaceous species abundance? 3. What is the nature of competition for nitrogen between native species and buffelgrass? 4. What is the effect of high levels of nitrogen on the competitive dynamics between buffelgrass and native herbaceous species? Our study focused on native species of the Plains of Sonora subdivision (Shreve and Wiggins 1964) where a majority of conversion of the Sonoran Desert to buffelgrass grassland has occurred (Búrquez-M. et al. 2002) 
Materials and Methods
Experimental Site. The site chosen for this study is north of Hermosillo, Sonora, Mexico near the city of Carbó (29u319N, 111u039W), on land belonging to the Patronato del Centro de Investigaciones Pecuarias del Estado de Sonora (PATROCIPES), a rancher's association of Hermosillo, Sonora (Ibarra et al. 2009 In late June 2002, before onset of the summer rains, an experimental site of , 2 ha was established approximately 8 km from the highway. The site was placed well away from the highway to minimize the threat of fire. In addition, the experimental site was chosen to avoid cattle watering locations where soil nitrogen might be concentrated. The study area spanned adjacent, representative habitat of desert that was converted to buffelgrass grassland (converted desert, CD) and intact desertscrub (intact desert, ID) vegetation. The difference between these two habitats is evident because of the extensive bulldozing and homogenous growth of buffelgrass in areas converted to grassland. Over the course of the investigation we noted gray bark on some shrubs in the ID habitat indicating that the area may have been subjected to fire at some point in the past. None of the ranch hands were familiar with any recent fires (over the previous 20 yr) and the large trees and shrubs, ocotillo, and cacti were wholly intact, differing in no way from the surrounding ID vegetation. Figure 1 demonstrates graphically how these sites differ in vegetation. Buffelgrass grasslands have lower values for all plant growth forms with the exception of native grasses. In addition, these areas are clearly divided by narrow windrows of shrub vegetation called ''chorizos'', a term referring to sausage-like mounds of vegetation. On August 14 to 15, 2002, the experimental plot was fenced to exclude cattle. A weather station with a rain gauge and temperature and relative humidity sensors (HOBO Data Loggers, Onset Computer Corp.) was erected. Rainfall data was collected continuously and downloaded approximately every 2 wk. Temperature and relative humidity data were recorded every 15 min and downloaded also approximately every 2 wk.
Experimental Design. Treatments consisted of manipulations of buffelgrass removal and nitrogen addition in a 2 by 2 factorial design, plus experimental and procedural controls. A randomized complete block design was employed with the following treatments: (1) control (C), (2) buffelgrass removal (2B), (3) nitrogen addition (+N), (4) buffelgrass removal combined with nitrogen addition (2B+N), (5) a procedural control for the disturbance created by buffelgrass removal (2Bc), and (6) a control for disturbance plus nitrogen addition (2Bc+N). The experiment consists of four blocks in ID and three blocks in CD. Fewer blocks were established in the converted desert grassland because of apparent high homogeneity. Each block includes six adjacent treatment plots measuring 5 by 25 m (16.4 by 82.02 ft) and separated by 1.5 m.
In 2B treatments, buffelgrass was removed by shovel and hand weeding and moved out of the plots. For the purpose of this experiment discreet tussocks were assumed to be buffelgrass ''individuals.'' Disturbance control treatments for buffelgrass removal (2Bc) were applied by digging holes equivalent to an estimated average number and size of disturbance of the two buffelgrass removal treatments within a block. Through this procedural control we aimed to account for the effects of disturbance, per se, on native species and soil processes such as disturbance to soil microbial growth or nutrient cycling. Another confounding factor for which we did not control was the decomposition of root fragments left behind after buffelgrass removal. Before any removal occurred, the number of buffelgrass individuals under tree-shrub complexes and in open desertscrub matrix were counted in the 2B and 2B+N plots. The average size among disturbances created by the removal of buffelgrass tussock was determined by measuring the length, width and central depth for 20 soil disturbance areas randomly selected among the 2B treatments within a block. Average numbers of disturbances under tree-shrub complexes and in open habitat was calculated for the two treatments with buffelgrass removal within a block. These estimates were then used to create an average number of randomly placed soil disturbances of the approximate average size and type (open or under tree-shrub complexes) in 2Bc treatments within a given block. Follow-up removals were performed prior to the onset of the 2003 winter rains and control for the removal was again conducted to match the disturbance created in the second round of removal.
On July ). Applying nitrogen postgermination was done to ensure nutrient uptake and avoid leaching (Eviner et al. 2000) .
Response Variables. Plant Abundance. To assess the effect of our experimental treatments on native species and buffelgrass productivity, measures of abundance were made at peak productivity during the 2002 to 2003 winter rainy season. Data were collected February 12 to 27, 2003 from a 25-m transect longitudinally bisecting the 5 by 25 m treatment plot. The transect was divided into 20 contiguous 1 by 1 m plot and data collection occurred on both sides of the transect between 2 and 22 m for a total of 40, 1-m 2 subplots. To allow room to work with minimum disturbance to the plots, the edge of each 1-m 2 plot parallel to the transect was placed 0.5 m away from the transect. Percent cover was assessed for the following: buffelgrass, native woody and herbaceous species, standing dead wood, herbaceous litter, total bare ground and bare ground consisting of nothing, cattle trails or cryptobiotic crust. We also assessed the percent cover of disturbed soil and whether this disturbance resulted from our soil extractions (see below) or animal activity. Native herbaceous species productivity and richness was further assessed through collection of biomass from 625 m 2 (25 by 25 cm or 9.84 by 9.84 in) plots at the outer edge of ten 1 by 1 m (3.28 by 3.28 ft) cover collection plots. The biomass was sorted by species and bagged in the field and returned to the laboratory where it was dried to a constant weight and weighed.
Nitrogen Availability. Net nitrogen mineralization rates were determined using a modification of the resin core method (Binkley and Matson 1983) , originally developed by DiStefano and Gholz (1986) . For each treatment plot in CD and ID, three replicate collection locations were identified using stratified random sampling at regular intervals along the 25-m transect. Soil analysis involved three soil collections: an initial soil core; an incubated soil core plus resin bag; and a peak soil core. Nitrogen data was collected from only the four main experimental treatments (C, 2B, +N, 2B+N).
On January 5, 2003, initial soil samples measuring 7 by 12 cm (width by depth) were collected. Twelve centimeters is the estimated depth of the bulk of root biomass of the focal herbaceous species in this study, including buffelgrass. Less than 10 cm from the initial sample, a second soil core was extracted and placed in a 7 by 12 cm polyvinylchloride (PVC) cylinder with as little disturbance as possible; however, because of the sandy, dry character of the soils it was difficult to maintain the soil profile intact. Once secured in the tube, approximately 3 cm of the bottom of each soil core was removed and replaced with a 20.25 cm 2 (4.5 cm by 4.5 cm) resin bag containing a mixture of 3 g each of anion and cation exchangeable resins (Purolite A-400 [anion] and C-100E [cation]). The resin bag was then covered with approximately 2 cm of soil and the PVC tube, soil and resin bag combination was returned to the cored hole with the resin bag down and so that the top of the PVC tube was less than 0.5 cm above the soil surface. The soil resin cores plus a final 7 by 12 cm sample, located approximately 10 cm from the soil resin core, were collected at estimated peak biomass on February 28, 2003.
Upon collection, all soil samples were promptly placed in polyurethane bags, placed on ice in a cooler and moved as quickly as possible to a laboratory refrigerator. Soil extractions were conducted within 24 hr of collection. Nutrient extractions for soil and exchangeable resins were done using 2M KCl, following the protocols of Robertson et al. (1999) . Solutions were analyzed for NH 4 and NO 3 using Continuous Flow Colorimetric Assay at the University of Georgia, Institute of Ecology, Stable Isotope Laboratory.
Statistical Analysis. Comparisons of differences in cover, richness, biomass and nitrogen measures between CD and ID were conducted using a SAS version 9.1 GLM Mixed Model (PROC MIXED) and Tukey least squares means posthoc contrasts (SAS Institute, Cary, North Carolina, USA, 2004). Where necessary, cover, richness, biomass and nitrogen measures were log-transformed to meet assumptions of normality and homoscedasticity. The following factors were analyzed: buffelgrass removal (2B); nitrogen addition (+N); buffelgrass removal by nitrogen (2B+N); block; and subplot nested within the crossed effects of buffelgrass removal, nitrogen addition, and block (i.e., subplot [2B*+N*block]) (Table 1 ). Block and nested subplot effects were treated as random factors. These random factors were consistently nonsignificant in both CD and ID for all nitrogen analyses and were therefore removed from the model.
Results and Discussion
GLM mixed-model analysis and treatment contrasts on buffelgrass cover demonstrate that our goal to reduce invader cover was successful in both CD and ID ( Table 1 ). Comparison of control and buffelgrass removal treatments shows that, on average, buffelgrass cover was reduced from 35% to 7% and 15.8% to 0.43% in CD and ID, respectively. Removal of buffelgrass in ID was more effective presumably because of lower initial cover and higher buffelgrass recruitment limitation relative to CD. Compared to the control treatment, neither nitrogen addition nor disturbance alone had an effect on buffelgrass cover in either ID or CD (Figure 2a, b ; Table 1 ).
Conversion from a shrub-dominated habitat to buffelgrass-dominated grassland is implicated in the widespread displacement and decline of native herbaceous species. In general native herbaceous species cover among treatments was higher in ID than in CD (Figure 1, 2c, d ). In both ID and CD, buffelgrass removal had an overall statistically significant positive effect on all measures of native species to include cover, biomass and richness ( Figure 2c ,-f; Table 2 ). The effects of the removal of buffelgrass suggests Table 1 . Buffelgrass cover responses to treatments. that the species is directly competing for resources (e.g., nutrients and/or space) with native herbaceous species and is likely displacing them when establishing and spreading into intact desertscrub. Recruitment limitation is of great conservation concern in habitats that have been involved in intensive land use (Tilman 1997) . Relative to the high diversity typically found among native herbaceous species in this ecosystem, we found relatively low levels of richness in this winter rainfall season (6 species on average in both CD and ID with typical ranges within a plot of 1 to 3 species) and the majority of the natives were early succession species. These data suggest that a select number of native herbaceous species are not yet catastrophically recruitment or seedbank limited and, following removal of buffelgrass, can increase. Nonetheless, it remains unclear if the current seed bank has the capacity to restore native herbaceous species to early settlement levels or if it is limited to early succession ruderals. Further study of the potential of the seed bank is warranted.
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Overall, addition of nitrogen significantly negatively affected native herbaceous species cover in both CD and ID and biomass in ID but had no effect on native herbaceous species richness (Table 2) . Relative to controls, addition of nitrogen alone had no effect in CD (Figure 2c ) but significantly reduced cover of native herbaceous species in the ID (Figure 2d) . In contrast to buffelgrass removal alone, buffelgrass removal combined with nitrogen (2B+N) appeared to have had no effect on native herbaceous species cover, richness or biomass in CD or ID (Table 2) ; however, trends in the data demonstrate an intermediate effect between 2B and +N (Figure 2c-f) , which we attribute to the opposing effects of these treatments. While the trend for the removal of buffelgrass with nitrogen addition is consistent between habitat types, it is significantly different from C, 2B, and +N and for cover in ID (Figure 2d ) and biomass in ID and CD (Figure 2e, f) . Thus, removal of buffelgrass results in an increase in native herbaceous species but nitrogen addition counteracts this effect.
Our study clearly demonstrates that high levels of nitrogen addition (50 kg N ha 21 yr
21
) can cause significant declines in native herbaceous species abundance. In most ecosystems, nitrogen acts as a limiting resource for plant growth and it is widely accepted that nitrogen supplementation greatly increases crop yields. Nonetheless, there is a concentration threshold beyond which nitrogen deposition results in damage to plants. Investigations aimed at assessing nitrogen as fertilizer for improved plant growth or yield generally apply nitrogen in concentrations ranging from , 1 to 25 kg N ha 21 yr 21 while studies focused on nitrogen deposition as pollution typically apply amounts exceeding 30 kg N ha 21 yr 21 (e.g., Egerton-Warburton et al. 2007 [100 to 150 kg N ha 21 yr 21 ]). As might be Table 2 . Native herbaceous species cover, richness and biomass responses to treatments. ---------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------- expected, the latter concentrations correspond to measured pollution levels. In areas surrounding urban centers in southern California, United States, nitrogen deposition can be has high as 45 kg N ha 21 yr 21 (Bytnerowicz and Fenn 1996 , Bytnerowicz et al. 1987 . Similarly, nitrogen deposition levels have been reported up to 40 kg N ha 21 yr 21 in parts of Sweden (Grennfeld and Hultbert 1986) and Mt. Mitchell State Park, North Carolina, United States (Aneja and Murthy 1994) . At the extreme end, nitrogen pollution levels as high as 115 kg N ha 21 yr 21 have been reported in the Netherlands (Draijers et al. 1989) .
The role of nitrogen addition as a determinant of the competitive dynamics between resident and invasive species remains elusive but some trends are emerging. A number of investigators have found trends similar to those in our study where nitrogen addition reduced growth of native species and either enhanced or had no effect on nonindigenous, invasive species. In the western United States, increases in growth of nonindigenous, annual grasses at the expense of native, perennial grasses is widely attributed to increases in nitrogen (see reviews by James et al. 2011 and Vasquez 2008) . These trends are often found at relatively low levels of nitrogen supplementation; among the studies included in the review conducted by James et al. (2011) Rao and Allen (2010) found that 30 kg N ha 21 yr 21 enhanced both native and nonindigenous invasive species, although the nonindigenous species was more responsive. At this same nitrogen concentration, Seabloom et al. (2003) found no differences in establishment between native, perennial grasses and nonindigenous, annual grasses. Likewise, McGlone et al. (2012) found that native, perennial grasses were able to outcompete nonindigenous, annual grasses under all growth conditions to include supplemental water, nitrogen and phosphorus.
The mechanism of damage caused by high nitrogen deposition appears to be ecosystem and plant and microbe species dependent (e.g., Egerton-Warburton 2007). Furthermore, at higher levels of nitrogen addition soil microbial relationships become more complicated. We suggest four possible mechanisms for why in our study nitrogen addition resulted in declines in measures of abundance of native, herbaceous species. Nitrogen addition as urea (1) results in changes in soil chemistry that negatively affect plant tissues or nutrient uptake processes (e.g., changes in soil pH, accumulation of ammonia or nitrite, denaturing enzymes), (2) increases soil microbial activity creating a more competitive environment for soil nutrients wherein buffelgrass is a better competitor with microbes than native herbaceous species, (3) disrupts associations between native herbaceous species and their mycorrhizal fungi, (4) favors pathogenic microbes more closely associated with native herbaceous species than buffelgrass.
Because of a moratorium on the sale of all nitratecontaining compounds for reasons of bi-national security, we were unable to purchase locally or transport into Mexico nitrate fertilizer. Nitrogen was therefore added using granular NH 4 . Ammonium addition can cause soil acidification resulting in a loss of soil cations (Bobbink et al. 1998 , Clark et al. 2007 ). Soil acidification can cause aluminum toxicity through cation exchange (Bobbink et al. 1998 , Clark et al. 2007 ). Urea addition can result in increases in soil pH and result in toxic levels of ammonia and nitrite. There is also evidence to suggest that salts associated with granular forms of fertilizer can cause problems with cellular osmotic regulation, particularly under drought conditions (Court et al. 1964a, b) .
It is generally assumed that disruptions in plantmycorrhizal fungi interactions more negatively affect native species, which are presumably more mycorrhizal-dependent. Investigations of nitrogen addition in arid ecosystems demonstrate mixed effects on the presence and colonization of mycorrhizal fungi and the findings often depend on the plant species under investigation and background soil nutrient levels. In a study under arid conditions at the Sevilleta Long-Term Ecological Research site where nitrogen was added in granular form as NH 4 NO 3 at 100 to 150 kg N ha 21 yr 21 , Egerton-Warburton et al. (2007) found that soil relatively rich in phosphorus experienced reductions in mycorrhizal productivity, richness, and diversity under nitrogen supplementation. Where phosphorus was limiting, addition of nitrogen resulted in increased measures of AMF. In a study in semi-arid California sage scrub community, Siguenza et al. (2006) hypothesized that patterns of increased nonindigenous, annual grass invasion (red brome, Bromus rubens L.) with declines in coastal sagebrush (Artemisia californica Less.) were driven by disruptions in mycorrhizal fungal associations because of atmospheric nitrogen deposition. The study confirmed that increased levels of nitrogen were negatively correlated with the presence of mycorrhizal fungi in sage brush while the fungal endophyte associated with red brome was unaffected by changes in nitrogen. Finally, in a long-term CO 2 and nitrogen enrichment (40 kg N ha 21 yr 21 ) study in a mesic environment (Cedar Creek Ecosystem Science Reserve, Minnesota, USA) Antoninka et al. (2011) found that nitrogen addition resulted in reduced fungal spore densities.
Our procedural control for disturbance (2Bc) had no effect on the cover of buffelgrass (Figure 2a, b) or native herbaceous species relative to controls in CD (Figure 2c ) but did have a significant negative effect on native herbaceous species in ID (Figure 2d ). In CD, nitrogen addition combined with the procedural control (2Bc+N) resulted in a significant decline in cover (Figure 2c ). This combined treatment in ID is significantly different from C but not 2Bc alone (Figure 2d ). Thus, disturbance in the absence of buffelgrass removal had negative impacts on native herbaceous species, equivalent to nitrogen addition. And, when these factors were combined (2Bc+N) there were significant negative consequences for the native herbaceous species in this system (Figure 2c, d) . Thus, treatments +N, 2B+N, 2Bc, and 2Bc+N similarly negatively reduced native species cover and biomass relative to C and 2B. We did not collect nitrogen data for any buffelgrass removal procedural controls (2Bc). We are therefore unable to assess if disturbance per se, with or without nitrogen addition (2Bc or 2Bc+N), versus disturbance combined with decomposing buffelgrass roots (2B) acted as determinants of soil nitrogen mineralization rates. Even so, a number of mechanisms might explain these trends. If nutrient (nitrogen) release from decomposing buffelgrass root biomass operated similarly to addition of nitrogen resulting in reductions in native species biomass (through some underdetermined mechanism), then we would expect native species abundance in 2Bc to be higher than any of the treatments where nitrogen was added (i. e., +N, 2B+N, or  2Bc+N) . This is not the case; 2Bc levels for native species are similar to the other treatments. We suggest that both the 2Bc and +N treatments disrupt beneficial microbial processes resulting in lower levels of native species establishment. We further suggest that when these two treatments are combined these mechanism synergize further affecting growth of native herbaceous species.
This finding is alarming as it suggests that disturbance alone can significantly reduce native species in ID and to levels similar to high nitrogen addition. These results drive home the importance of the role of disturbance alone and in combination with nitrogen deposition in this desert ecosystem. They also highlight the need for controls for disturbances created experimentally in the process of manipulative removals (sensu Lyons and Schwartz 2001) .
The main factors 2B and +N had some significant effects on beginning, peak and net mineralization rates for NH 4 and NO 3 (Figure 3 ; Tables 3, 4). Removal of buffelgrass (2B) significantly affected only NH 4 at peak season in ID (Table 3) and there is no overall trend in mineralization rates with buffelgrass removal (Figure 3) . Addition of nitrogen as urea to the plots resulted in significantly higher levels of NH 4 and NO 3 across all measures in both habitats with the notable exception of a consistent nonsignificant effect for all measures of NO 3 in ID (Tables 3, 4 ). There were no significant effects of the interaction term for buffelgrass removal by nitrogen on any measures of nitrogen (Tables 3, 4) . These results support the findings of Ibarra-F et al. (1995 Ibarra-F et al. ( , 1999 and suggest that higher levels of soil nutrients where buffelgrass is absent or dying are likely because of lower levels of soil resource competition. We attribute the lack of statistical significance in the nitrogen data to high variability and the number of soil replicates analyzed.
It is important to note that rainfall for this winter rainy season was 48.2 mm while the average for the region is approximately 85 mm. These data were therefore collected in a relatively low rainfall winter when the most important limiting resource was scarce. On the other hand, relative to data collected during the summer 2003, when rainfall and biomass throughout the Sonoran Desert are expected to be higher, we found herbaceous plant cover, richness, and biomass of all species to be substantially higher during the ------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------ -------------------------------------------------------------------------------------------------------------------------------------------------------------------- ---------CD ------------------------------------------------------------------------------------------------------------------------------------------------------------------ two winter months of our study (K. Lyons, unpublished data). In an average or above average rainfall year, we might expect larger effects of our buffelgrass removal and, perhaps, more positive effects of our +N treatment.
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Differences in the effects of nitrogen addition on native herbaceous species in the two habitats suggest that the soils differ in mechanisms of nutrient cycling. Consistently significantly higher levels of NH 4 in both habitat types in our +N plots suggest that added nitrogen went unutilized even at peak season (Table 3) . In contrast, NO 3 was consistently significantly higher only in CD, suggesting that NO 3 is more thoroughly utilized in ID than in CD, perhaps because of higher species diversity and complementary resource use.
In the Plains of Sonora the introduction of buffelgrass has been beneficial to the ranching community; however, our study demonstrates that the introduction and spread of buffelgrass results in deterioration of the desert and thornscrub communities through competitive displacement of native herbaceous species. We also found that pollution in the form of nitrogen is likely to exacerbate this phenomenon. Both the active and passive processes of conversion of desert and thornscrub to buffelgrass grassland, combined with intensive grazing, threaten the local natural heritage and reduce the value of the region for alternative economic endeavors such as ecotourism.
